Three neonatal calves, protected from colisepticaemia by intravenously administered immunoglobulin M, were infected orally with Escherichia coli type 0101 K?(A). All calves developed severe enteric colibacillosis. When they were 4 days old stunting and fusion of villi were seen in the distal half of the small intestine and were associated with adhesion of the challenge organism to the mucosa. Two uninfected control calves kept under similar conditions, did not develop diarrhoea and had no lesions.
It is generally recognised that distinct septicaemic and enteric forms of colibacillosis can occur naturally in neonatal calves [12] . Although colisepticaemia has been reproduced experimentally [5, 131 the enteric form has been difficult t o reproduce. Colostrum-deprived calves often die from terminal septicaemia [7] whereas colostrum-fed calves often d o not develop diarrhoea [14] . Thus, the pathology of enteric colibacillosis is poorly documented. Some authors stress that the intestine of diarrhoeic calves is often histologically normal [ l ] , whilst another has stated that there may be haemorrhagic enteritis [ l l ] . This author, however, used a composite inoculum containing both septicaemic and enteropathogenic strains of E. coli, and the lesions he described were attributed t o terminal colisepticaemia, Enteric colibacillosis without the complication of colisepticaemia can be reproduced consistently in colostrum-deprived calves that have been protected by the systemic administration of immunoglobulin M [9] . We used this model t o study the pathological changes in the alimentary tract of calves with enteric colibacillosis.
Materials and Methods
Five newborn colostrum-deprived bull calves of either Ayrshire or Friesian breed were taken from a closed herd within 12 hours of birth. When the calves arrived at the laboratory blood samples were taken immediately and subsequently checked by immunoelectrophoresis to confirm that each calf was agammaglobulinaemic. Each was then given 1.5 grams of an IgM-rich fraction of bovine serum intravenously to prevent colisepticaemia [ 9 ] . Each calf was then placed in a restraining crate whereby the total output of faeces and urine could be collected [ 8 ] . Six hours later calves 3, 4 and 5 were inoculated orally with an enteropathogenic strain of E. coli. At 4 days old the calves were diarrhoeic and were excreting daily more than 500 grams of faeces with dry matter content less than 1 0 % . Daily blood samples were collected aseptically from the jugular vein for biochemical and bacteriological tests. The calves were fed 1.5-2 litres of milk twice daily.
E. Cali serotype OlOlK?(A), originally isolated from a calf that died with acute diarrhoea [Y] was used as the inoculum throughout the experiment. Each calf was given orally 1 0 millilitres of an undiluted 6-hour broth culture containing 0.5 to 2.0 x lo9 organisms per millilitre. Packed red cell volume, plasma sodium and potassium and blood urea nitrogen were measured daily [9] .
Faeces passed in twenty-four hours were collected and homogenised, and an aliquot weighed and dried to a constant weight.
When the calves were 4 days old a heparinised blood sample was taken for bacteriological examination and each calf was t h e n anaesthetised with an intravenous injection of pentobarbitone (Sagatal; May and Baker Ltd., Dagenham) and placed on its left side. To facilitate access to the peritoneal cavity a "U"-shaped flap of skin was retracted from the right flank region, and the abdominal oblique muscles separated to expose the peritoneum.
Parts of small intestine were removed from 1 0 sites and were identified with numbered crocodile clips (1 to 10).
Samples also were taken from the abomasum close to the pylorus and the spiral colon about 30 centimetres from the ileocolic junction. All samples taken from the alimentary canal were processed for histological and immunofluorescent examination.
Adjacent to sites I . 3. 5 and 10. intestinal swabs and parts o f mcscntcric lymph nodes were taken for bacteriological examination,
The calf was then killed with an overdose o f pcntobarbitonc and samples o f oesophagus. rumcn. caecum. mcscntcric lymph nodes. liver. spleen. kidney. urinary bladder. adrenal gland. heart. lung and brain were taken immediately for histological examination.
The intestine wiis measured by separating it from the mesentery and laying it against ;I metre ruler. allowance being made for tissue removed at sampling.
Samples o f abomasum and o f small intestine and colon that had been opened along their anti-mcscntcric edge. were laid flat on stiff blotting paper with the mucosal surface uppermost. These tissues and samples o f other organs were placcd immediately into 1 0 % neutral buffered formalin and processed routinely by the paraffin method. Sections were cut at 6 micrometres and stained with hacmatoxylin and cosin (HE). Selected tissues were also stained by Gram Twort. Martius scarlet blue and periodic-acid Schiff (PAS).
Villous length (from the tip t o the junction with the crypt) and crypt depth (from the base of the crypt t o the junction with the villus) were measured with an ocular micrometer. At least five properly orientated villi in the proximal small intestine (the first 10% of its length distal t o the pylorus). middle small intestine (bctwccn 40 and 50% o f its length from the pylorus) and the terminal ileum (90% o f its length from the pylorus) were measured in each calf. Clearly identifiable mitotic figures were counted in at least 20 crypts at these sites. The sample of abomasum, the 10 sites of the small intestine and one site of the colon were placed on small pieces of card and immediately deep-frozen in 2-methyl-butane with liquid nitrogen. Duplicate 6-micrometre sections of these tissues were fixed in acetone for 1 0 minutes and dried. FITC-conjugated antisera were added and ihe sections were incubated for 1 hour at 37" C. They were then washed three timcs (7 minutes each wash) in 0.01 mol/l phosphate-buffered saline, with gentle shaking, mounted in glycerol and examined with ultraviolet light.
Blood, faeces, mescnteric lymph node and intestinal swabs were cultured aerobically on blood agar and MacConkey plates for 24 hours. E. coli isolates were tested by slide agglutination against antiscrum specific for the challengc strain.
Facces were examincd for rotavirus by immunofluorescence in cell culture I 101.
Results
The three challenged calves developed severe diarrhoea within 24 hours of infection and the faeces were flecked with blood-stained mucus. At this time faecal dry matter content fell rapidly to less than 5% and by the fourth day the three calves were voiding 2 to 3 kilograms of faeces daily. Their packed cell volume was high and they were hyperkalaemic and uraemic.
Control calves remained alert and did not have diarrhoea. The daily faecal output was 181 t o 342 grams (12 to 20% dry matter) and 78 to 160 grams (20 to 23% dry matter), respectively. Blood chemical constituents remained within normal limits.
Cultures of all blood samples were negative. The challenge organism always was recovered in pure culture from faeces, intestinal swabs and mesenteric lymph nodes in the challenged calves. but was not recovered from similar samples of the control calves. Rotavirus antigen was not detected by immunofluorescence in cell cultures inoculated with faecal suspensions.
The external appearance of the gastrointestinal tract of calves in both groups was similar. The abomasum of all calves contained curd, and in both control and infected calves there were varied amounts of clear, watery fluid. In calves 4 and 5 several petechiae were seen in the mucosa close to the pylorus. Thickness of the wall of the small intestine did not differ grossly between the two groups. Peristalsis occurred in all calves. In the proximal and middle small intestine of all calves, the contents were yellow and tluid. In the distal ileum of control calves, towards the ileocolic junction, the contents were semisolid and the mucosal surface tended to be dry. In infected calves the contents were more fluid and occasionally there were petechial haemorrhages in the mucosa. In one infected calf, a blood clot 3 x 1 centimetres was visible through the wall of the small intestine between sites 2 and 3 . Two haemorrhagic foci, 2 millimetres in diameter in the mucosa were presumed to be the source of the flecks of blood in the faeces. The colon of control and infected calves looked similar externally. The contents in the infected group, however, were fluid and contained gas bubbles, whereas in control calves the contents were yellow and soft.
Macroscopic changes were not seen in other organs. The histological findings in the small intestine of the control calves were similar although there were minor differences in the length and shape of villi between calves and occasionally between sites in the same calf. In general the villi at all sites in both calves were long and slender with a narrow lamina propria ( fig. 1) . Each villus was distinct. At site 4 in calf I , one or two long villi adhered to their fig. 3) .
Epithelial cells covering the villi were columnar and the nuclei tended t o occupy a basal position.
Clear vacuoles were in some epithelial cells and were found in cells on the upper half of the villus (fig. 4) . The vacuoles were either small and multiple or large and single, in which case they occupied most of the cell cytoplasm.
Goblet cells were found at all parts of the villi but tended to be more numerous on the lower half. Lymphocytes were seen frequently between epithelial cells of the villi. Varied numbers of eosinophilic leukocytes were in the crypt area of the mucosa and occasionally within the lamina propria of the villi.
The crypts had no abnormal features. The cells were narrow and goblet cells frequently were present. There were between 0.4 and I .6 mitoses per crypt. In both calves the submucosa was narrow and had few plasma cells and lymphocytes. Bacteria were not seen at any site in association with the brush border of epithelial cells. The colonic mucosa had ridges and a high proportion of goblet cells, both in the crypts and in the epithelium covering the ridges. All other tissues were histologically normal.
In all infected calvcs the histological appearancc of the first six sites resembled that of the control calves and histological lesions were confined to the distal half o r one third of the small intestine. From sites 7 to 10 in all three calves there was pronounced stunting of villi. A predominant feature was that many were fused to adjacent villi at the tip and along their lateral borders ( fig. 5 ). There was an increased number of reticular cells in the lamina propria of the villi in the distal ileum. In the most severe cases, these changes made the mucosa look flat ( fig. 6) . Despite the severe stunting. some longer villi remained.
The villous epithelium generally was cuboidal, but columnar cells frequently were seen on stunted villi ( fig. 7) . Coagulative necrosis of epithelial cells was an infrequent finding and usually was associated with exposure of a small area of the lamina propria to the lumen. Neutrophilic leukocytes were in such lesions, both in the lamina propria and on the villous surface ( fig. 8) . Occasionally small numbers of neutrophilic leukocytes and macrophages were seen as an exudate on the surface of intact villi.
In the terminal ileum of one calf, small ulcers covered by fibrin were seen ( fig.  9) . Gram negative rod-shaped bacilli adhered to the luminal surface of epithelial cells in calves 4 and 5 at site 7 and in calves 3 , 4 and 5 from sites 8 to 10. The crypts looked similar to those of control calves except that there were slightly more mitotic figures (1 .O to 2.3 per crypt). The submucosa of the distal ileum usually was thicker than in control calves; it was oedematous and had neutrophilic leukocytes, lymphocytes and plasma cells. The petechial haemorrhages seen at laparotomy in the abomasum werc not seen in histological scctions. Mesentcric lymph nodes were oedematous and contained eosinophilic amorphous material in medullary sinuses. The colon of calf 5 had an increased number of neutrophilic leukocytes in the lamina propria, some fusion of the ridges and a reduced number of goblet cells in the epithelium covering the ridges. Abnormalities were not seen in any other organ.
Villous length and crypt depth in the duodenum (sites I o r 2). middle small intestine (sites 4, 5 o r 6 ) and terminal ileum (site 10) are shown in figure 10 . In the duodenum and middle small intestine thcrc was littlc difference between villous lengths of control and infected calves, although there was some variation between calves.
The most noticeablc differences bctween the two groups werc in the terminal ileum where the villi of all three infcctcd calves were about 60% shorter. Crypt depths for control and infected calves were similar in the three sites measured.
The FITC-labelled antiserum to E . coli 0lOlK?(A) was found to fluoresce strongly with acetone-fixed smears of the challenge strain. N o fluorescent orga- Organisms that fluoresced were seen in infected calves, but only in the distal small intestine at sites 7 to 10 and in the colon. In the small intestine, the organisms always adhered to the luminal surface of villous epithelial cells ( fig.  12) . Fluorescent organisms in the colon were seen in the lumen and only occasionally adhered to the mucosa. No immunofluorescence was seen at any site in the control calves. Specific immunofluorescence of rotavirus antigen was not seen in any section of the alimentary tract from challenged or control calves.
Discussion
In this study, as in earlier experiments [9], calves infected orally with E . coli 0101K?(A) had severe diarrhoea and the challenge organism consistently could be recovered from faeces, intestine and mesenteric lymph nodes.
Soon after death autolytic changes alfer the histological appearance of the mucosa in various animals including calves [3, 4, 151. With the method we used, no evidence of autolysis was seen in any site of the gastrointestinal tract. The intestine was examined when diarrhoea was severe, but at no site was denudation of villous epithelium seen. This is in agreement with a report of an intact epithelium in intestinal biopsies of severe cholera lesions in man; this report states that denudation is an autolytic change [18] . Loss of a few epithelial cells in our calves always was associated with neutrophilic leukocytes, which is consistent with an inflammatory response.
The transition from normal to severely stunted villi usually was abrupt between sites 6 and 7, and in two calves this was associated with the adhesion of bacteria at the affected site. Similar changes in the villi were not seen in control calves.
Although the challenge organism could be cultured readily from swabs of intestinal contents taken throughout the small intestine, it was adherent to the villous mucosa only in the terminal ileum. Moreover, there was a good correlation between adherence of bacteria to the surface of epithelial cells and villous stunting and fusion. I t is not clear from our results whether the adhering organisms themselves were responsible for the lesions or whether the epithelial cells were damaged by enterotoxin, as has been suggested in colibacillosis in the pig [17] . Furthermore, the relationship of these lesions to the pathogenesis of colibacillosis is a matter of conjecture. I t has been reported, however, that the most marked disturbances in electrolyte and water balance occur in the distal small intestine in diarrhoeic calves infected with E. coli 0101 K?(A), whereas in the proximal small intestine there is no difference between diarrhoeic and normal calves [2] .
Although focal haemorrhages occasionally were seen in our calves, they did not seem significant. We conclude there a r e enteric lesions in enteric colibacillosis and that the strain of E. coli used in our study was associated with such lesions.
